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We report values of the Poisson Ratios for shock compressed Mo, calculated 

from the sound speed measurements, which provide evidence that the 210 

GPa (~4100K) transition cannot be a bcc-hcp transition, as originally 

proposed. Instead, we find the transition is from the bcc to a noncrystalline 

phase. For pressures above 210 GPa, the Poisson Ratio increases steadily 

with increasing temperature, approaching the liquid value of 0.5 at 390 

GPa(~10,000K), suggesting the presence of a noncrystalline solid-liquid 

mixture. Free energy model calculations were used to show that the low 

melting slope of Mo, and the phase diagram, can be explained by the 

presence of local liquid structures. A new phase diagram is proposed for 

Mo that is constrained by the experimental evidence.
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I. Introduction

    The phase diagram of molybdenum has become a controversial topic as the result of 

conflicting interpretations of shockwave melting measurements[1], laser heated 

Diamond-anvil-cell(DAC)[2-4] melting, and theoretical calculations[5-7]. The relevant 

data for Mo, taken from the above references, are plotted in figure 1. Chronologically, 

the narrative begins with shock experiments for Mo, made in 1989 by Hixson et al.[1], in 

which two discontinuities in the longitudinal sound speed were detected. One 

discontinuity is near 210 GPa (~4100K), and a second near 390 GPa (~10,000K). The first 

discontinuity has been interpreted as a bcc-hcp transition, and the second as hcp 

melting. While the pressures are measured, temperatures are calculated due to 

experimental limitations. Since the calculated temperatures vary with the theoretical 
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models, for consistency we employ the temperatures first reported by Hixson et al,[1]. 

Subsequently, the Mo melting curve was measured statically in a DAC to 90 GPa (3180 

K), by heating the sample and observing a speckled motion in the liquid[2]. Clearly, an 

extrapolation of the DAC melting data plotted in figure 1 points toward the first shock 

discontinuity near 210 GPa, rather than the 390 GPa discontinuity. This suggests that 

the 210 GPa transition is an extension of the melting curve[3,4]. Since the low melting 

slope of Mo is at odds with the predictions of theoretical calculations and computer 

simulations, this has lead to speculations that the DAC phase melting measurements 

are actually of a high temperature bcc to a close-packed(fcc or hcp) transition[5-7].

      The purpose of this paper is to provide new information gained from the shock 

experiments that help to clarify the phase diagram. In section II, we report values of the 

Poisson Ratio calculated from the sound speed shock data[1] that lead to the 

conclusions that a bcc-hcp transition cannot be present in the Mo phase diagram, and 

that the sequence of structures is more complicated than previously suspected. In 

section III, melting calculations made with a free energy model are reported that show 

the presence of local structures in the liquid will lead to the low melting slopes and 

explain many features of the phase diagram. The summary, section IV, includes a 

proposed phase diagram. 

II. Poisson Ratios and the Mo phase diagram.

The Poisson Ratio() is the ratio of strain in the lateral direction, relative to the strain in 

the longitudinal direction. It can be calculated from the longitudinal(CL) and bulk(CB) 

sound speeds  measured in shock experiments[1] by using the expression,

CL/CB=  [3(1-)/(1+)]1/2.

In the present application, Poisson Ratios provide, a limited, but useful, criteria for 

examining structural changes in solids. For isotropic materials, such as ideal bcc and 

close-packed structures like hcp and fcc, =0.25, and for liquids =0.5. For Mo  = 0.31, 

and for Al = 0.32.  For most close-packed metals  is in the range 0.28 to 0.36. For the 

purpose of this study we refer to any phase of Mo with a value of  above this range, as 
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non-close-packed. Our use of this term necessarily includes phases such as glasses, 

amorphous solids, etc. that may be present, but are beyond our ability to designate. 

    In order to acquire some guidance in interpreting the Mo data, we first consider the 

sound speed measurements of Shaner et al.[9]that lead to the detecting shock melting of 

Al. Al melting has measured in a DAC[10], and it is understood to be a transition 

directly from an fcc solid to a pure atomic-like liquid[11]. Plotted in figure 2, are the 

sound speed measurements of shock compressed Al and Mo[1] versus the Hugoniot 

pressure. The sound speeds for fcc Al, increase linearly with pressure up to 120 GPa 

and then show a discontinuous drop to the liquid caused by the loss of shear strength in 

the solid. A data point has been taken in the mixed phase region at 145 GPa is indicative 

of a mixed solid-liquid phase. The Poisson Ratios calculated for Al are plotted in figure 

3. In the fcc phase, they show a small increase in the Ratio from =0.32 at P=0, to =0.34 

near 120 GPa.  This is followed by a discontinuous jump(melting) to the liquid value 

of=0.5. The singular experimental point at 140 GPa, and 0.46, lies in the mixed 

phase region. 

In the case of Mo, an interpretation of the sound speed data is problematical. The 

values of  obtained from the reported Mo sound speeds[1] are plotted in figure 4. 

Noteworthy is the absence of shock measurements below 150 GPa. A similar plot can be 

constructed for Ta[9]. Following the example of Al we assume the P=0 GPa bcc value of 

= 0.31, remains a constant up to 90 GPa, the highest pressure at which Mo DAC 

melting measurements were made. The value of  then increases to  near 150 

GPa, which is the lowest pressure at which shock measurements were made.  This 

means that none of the shock measurements made for Mo were in the bcc phase. Clearly 

then, there must be a bcc-to non-crystalline transition starting at some pressure between 

90 to 150 GPa(~3000K). This would place the transition in agreement with a linear 

extrapolation of the DAC melting curve. 

    At pressures above 150 GPa, the values of  decrease sharply to 210 GPa, and rise 

again to 220 GPa. This is the discontinuity reported as the 210 GPa transition, and it is 

not directly from the bcc phase, but it is from a structure in the intermediate pressure 

range from 150GPa and 210 GPa. Hixson et al.[1] had noted, that at 210 GPa the Poisson 
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ratio of 0.4 was considerably higher than the normal density value. For pressures above 

210 GPa the value of  rises steadily to 0.44 at 380 GPa, where it melts to the liquid 

value of 0.5 at 390 GPa. The nearly linear increase in the Poisson Ratio above 210 GPa 

indicates a continuous loss of shear strength. This loss is consistent with a solid-liquid 

mixture in which the liquid fraction is increasing as it approaches the pure liquid. While 

the Poisson Ratios do not provide specific determinations of the atomic structures they 

do eliminate the possibility of a bcc-hcp transition at 210 GPa.
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III. Mo melting and  local liquid structures.

The key to unlocking the Mo phase diagram is linked to understanding the physics 

underlying the origin of the low melting slope. Low melting slopes have now been 

found in all seven of the early transition metals studied[3], Ta, W, Cr, Ti, V,  Y, 

indicating that the measurements for Mo are not unique, but are characteristic of this 

class of metals. The origin of these low melting temperatures has been attributed to the 

presence in the liquid of tetrahedral and icosahedral structures with short range 

order(ISRO). Evidence for the presence of these local structures in the liquid is 

supported by an extensive body of experimental and theoretical investigations[12-20]. 

Since ISROs are denser than the atomic liquids, compression favors an increase in their 

concentration, and communal entropy, thereby lowering the free energy of the liquid 

and the melting temperature. 

At the atomic level, the origin of these local structures has been attributed to 

Peierles/Jahn-Teller(P/JT) distortions[21,22] of the d-electron bonding leading to the 

presence in the liquid of energetically preferred local structures with poly-tetrahedral 

and five-fold icosahedral short range order(ISRO)[3,4]. In the case of Mo, P/JT 

distortions are optimal. With nearly half-filled d-bands, the distortion lowers the energy 

of the occupied bonding states while the unoccupied anti-bonding states are raised in 

energy. Frank[23] was the first to suggest that local structures in liquid metals based on 

the packing of five-fold symmetric icosahedral units could explain supercooling. By 

employing the free energy model described below, we are in effect extending Frank’s 

proposal to the idea, that local structures in transition metals can be pressure stabilized 

and be responsible for the low melting slopes found in transition metals. 

While a rigorous study is beyond the scope of this report, a considerable degree of 

insight into the role played by local structures can be gained by employing a free energy 

model. A version of this model was employed previously[24,25]. We examine two cases. 

First is by a calculation in which local structures are absent, and a second in which the 

free energy contribution by the local structures is approximated.  For the first case, we 

write the excess Helmholtz free energy for a system of solid and liquid atoms 

interacting by inverse-power repulsive potentials, (r)=B/rn, as,  
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                 Fex
s UM  Fth invn

s ,                                                                                    (3)

     Fex
l UM  Fthinvn

l .                                                                                    

In each expression, the first term is the Madelung energy(UM) of the solid and the 

second is of the thermal free energy of atomic motion in the solid and liquid 

respectively. The thermodynamic properties of the inverse power potential has been 

studied extensively by computer simulations, and the thermal free energy terms in (1) 

have been fitted to analytic expressions of the free energy [25]. Although the same UM is 

used to represent the solid and liquid Madelung energy, the thermal contributions to 

the liquid free energy are determined from a fit to the total excess free energy, in effect 

correcting for the Madelung term. This is a reasonable approximation for transition 

metals, in which the volume changes of melting are typically 1-2 %. 

   A useful simplification for real systems is to replace the Madelung energy, UM, by ULat

the lattice energy determined from a Birch-Murnaghan fit to the experimental room 

temperature isotherm [26], corrected to T=0 K. The excess Helmholtz free energy can 

now expressed written as,

Fex
s ULat  Fth invn

s .                        (4)                                                                     

            Fex
l ULat  Fth invn

l
.

The model has the attractive feature that it reproduces the room temperature solid 

isotherm, and provides a thermodynamically consistent set of solid and liquid free 

energy functions. Melting is determined by matching free energies of the two phases.      

  As it stands, the model requires two adjustable parameters, B and n, in the potential. 

As in the bcc-hcp case we chose n=6, and B= 400 eV-cm6, values that had been 

determined by fitting the model predictions to the experimental Mo Hugoniot[23].  

Using these parameters two sets of melting calculations were made. In one set, using 

equations (4), atoms in the bcc solid melt to an atomic liquid. In the second set, terms 

were added to the liquid free energy in order to account for the influence local 

structures. In this case, the free energy of the liquid is modified to,

                             Fex
l ULat  Fthinv6

l  xUcl
l  kT[x ln x  (1 x)ln(1 x)].                    (5)
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The added terms are, Ucl the binding energy of a local structure, and the communal 

entropy of liquid-cluster mixing. Since Ucl is unknown, and to avoid adding poorly 

known parameters we set Ucl=0. The parameter x is defined here as the volume fraction 

of local structures the melt, x=Vst/V, where Vst is the effective total volume of local 

structures in a volume, V. The volume fraction, x, is used here as a parameter to fit the 

DAC melting measurements and the 210 GPa shock discontinuity. By adjusting value of 

x to fit the measurements it implicitly includes contributions from the omitted Ucl and 

geometric frustration that is not a thermodynamic driver, but does act to inhibit long-

ranged order and crystalline formation. The present model is not predictive, but its 

usefulness is that it is transparent, and connects the DAC, and shock measurements to 

the phase diagram in a thermodynamically consistent, and physically realistic manner. 

Figure 5 shows the DAC melting measurements, the shock melting points, and 

calculations made with the present model of melting, without local structures and with 

local structures fitted to the DAC and 210 GPa shock discontinuity.  The melting curve 

calculated by omitting local structures is in very good agreement with the computer 

simulations of Belonoshko et al.[5], in figure 1. The fraction of local structures required 

to fit the melting measurements are plotted in figure 6. The fraction rises steadily to a 

maximum of x=0.5, at 150 GPa(3500 K) and remains constant. We interpret the 150 GPa 

melting as being roughly the pressure at which the fraction of local liquid structures has 

become sufficiently large as to create a solid-liquid mixed phase.

IV Summary and proposed phase diagram 

In order to summarize our results most directly, while satisfying the constraints 

imposed by the Poisson Ratios, we propose the phase diagram described in figure 7. 

The bcc phase is extended at 3000 K to 150 GPa, the pressure at which the Poisson 

Ratios pointeds to a transition from bcc to a new noncrystalline phase, possibly A15. 

The melting curve extends to the 210 GPa shock discontinuity. Above 150 GPa the melt 

is a solid-liquid mixture bounded roughly by a transition region extending from 150 

GPa(4100K) to 390 GPa(10,000K). The solids are likely A15 polytetrahedral structures, 

that are known to compete favorably with bcc, for the neighboring metals Mo, Nb, Ta 
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and W[15]. The predictions in this report, particularly of the absence of a bcc-hcp 

transition, can be verified by new shock measurements of the sound speeds between 

about 100 and 200 GPa. The experimental facilities exist and the expertise is available. 
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Figure captions

Fig. 1 Mo melting and shock transition data.  DAC melting, open circles[4] extended to 

210 GPa(small dashed line). Shock transitions(crosses){1] and calculated Hugoniot(solid 

curve)[8]. Calculated melting curves of[5](dash-dotted), and of[6](long dashes). 

Fig. 2 Longitudinal and bulk sound velocities for Al[9] and Mo[1]. 

Fig. 3 Poisson Ratios for Al, versus pressure. 

Fig. 4 Poisson Ratios for Mo, versus pressure.

Fig. 5 Calculated model melting curves. DAC open circles[3,4]. Melting curves omitting 

local structures(small dashed curve), and including local structures by fitting to 

measurements(dash-dotted). Shock transitions(crosses){1]. 

Fig. 6  Calculated volume fractions of local structures in the melt, versus pressure.

Fig. 7 A proposed Mo phase diagram. Described in text. DAC melting(open circles)[4]. 

Shock transitions (crosses)[1]. The long dashed line is an extension of the DAC melting 

curve. The small dashed curve is a bcc to non-close-packed solid phase line. The small 

open circle(o) at 150 GPa(3000K) is a predicted transition from the bcc to a non-

crystalline solid. The dashed-dotted vertical line defines roughly a predicted liquid melt 

to a solid liquid phase line.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6 
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Figure 7
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